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Although the signiﬁcance of sample preparation is often over-
looked, it is arguably the most important step in the analytical
process because the precision and accuracy of the analytical
method is largely based upon this step. Current trends in ana-
lytical chemistry are highly focused on improving the quality
of analytical results, and introduction of new technological
developments involving miniaturization, simpliﬁcation and
automation of the whole analytical procedure (Rios et al.,
2009). On the way to achieving that ﬁnal objective, important
advances have been made in miniaturization and simpliﬁcation
of sample-preparation procedures. These advances have
focused on minimizing samples and reagents consumption
(and thus the cost of the analysis), maintaining high selectivity
and recoveries, using environmental friendly methods, and
speeding up the sample treatment process, which is currently
considered the rate determining step of the analytical process.
Traditional methods for sample preparation including liquid–
liquid extraction (LLE), soxhlet extraction, chromatography,
distillation, and absorption (Xiao-Huan et al., 2009), usually
suffer from the disadvantages of time-consuming and tedium,
large amounts of toxic organic solvent to be used, and difﬁ-
culty in automation to some extent. Therefore, analytical
chemists have focused on the development of new sample-
preparation techniques, which are less time-consuming, more
effective, fast, low cost, and require smaller amounts of
organic solvents, yet provide accurate and precise data with
reasonable quantization limits.
One of the techniques attracting special attention is disper-
sive liquid–liquid microextraction (DLLME), which was intro-
duced in 2006 by Rezaee for the preconcentration of organic
and inorganic analytes from aqueous matrices (Rezaee et al.,
2006). Although, several reviews on microextraction in general
and DLLME in particular have been published in the last
years (Stalikas and Flamengos, 2008; Sarafraz-Yazdi and
Amizi, 2010; Pena-Pereira et al., 2009, 2010; Herrera-Herreraet al., 2010; Nerı´n et al., 2009; Anthemidis and Miro´, 2009;
Dadfarnia and Mohammad, 2010), some of these reviews are
general and they did not independently discuss DLLME tech-
nique (Stalikas and Flamengos, 2008; Sarafraz-Yazdi and
Amizi, 2010; Nerı´n et al., 2009; Dadfarnia and Mohammad,
2010). While, some others include applications of DLLME
for preconcentration and determination of both organic and
inorganic analytes (Xiao-Huan et al., 2009; Pena-Pereira
et al., 2010). Also, the recent developments in DLLME tech-
nique like the use of auxiliary solvent for the adjustment of
density of extraction mixture and displacement – DLLME
did not describe in these reviews. On the other hand, the num-
ber of papers devoted for the application of DLLME to the
analysis of metal ions has rapidly grown in the last three years.
Therefore, the present review is focused on the recent develop-
ments and applications of DLLME for the preconcentration
and sequential determination of total metal and metal specia-
tion in variety of samples. The abbreviations of the com-
pounds and techniques used in this review are listed in Table 1.
2. Principle of DLLME
Dispersive liquid–liquid microextraction is a miniaturized kind
of (liquid–liquid extraction) LLE in which microliter volumes
of extraction solvent are used. An appropriate mixture of the
extraction solvent and the disperser solvent with high miscibil-
ity in both organic and aqueous phases is rapidly injected into
the aqueous solution of sample and a cloudy solution is then
formed as a result of the formation of ﬁne droplets of the
extraction solvent which disperse in the sample solution. The
cloudy solution is centrifuged and the ﬁne droplets are settled
at the bottom of the conical test tube. The analytes are
extracted from the initial solution and concentrated to a small
volume of the sedimented phase, and the determination of the
analytes in the settled phase can then be performed by the con-
ventional analytical techniques. In fact, the surface area
between the extracting solvent and the aqueous sample
Table 1 Abbreviations of the used compounds and the techniques mentioned in this review.
Compound Abbreviation Technique Abbreviation Technique Abbreviation
Ammonium
pyrrolidinedithiocarbamate
APDC Cloud point extraction CPE Gas chromatography-
electron
capture detection
GC-ECD
Ammonium diethyl-
dithiophosphate
ADDPA Diethyl-
dithiophosphoric acid
DDTP High-performance liquid
chromatography inductively
coupled plasma mass
spectrometry
HPLC-ICP-MS
4-Benzyl–piperidine
ditiocarbamate potassium salt
BPDC Dispersive liquid–liquid
microextraction
DLLME High-performance liquid
chromatography
HPLC
4,40-bis(dimethylamino)-
thiobenzophenone
TMK Displacement-dispersive
liquid–liquid
microextraction
D-DLLME Hollow ﬁber-based liquid-
phase microextraction
HF-LPME
Diethyldithiocarbamate DDTC Dispersive liquid–liquid
microextraction based
on solidiﬁcation of
ﬂoating organic droplet
DLLME-SFO Ionic liquid-based
ultrasound-assisted
dispersive liquid–liquid
microextraction
IL-DLLME
Dibutyltin dichloride DBT
Diphenyltin dichloride DPhT
8-Hydroxy quinoline HOX Flame atomic
absorption spectrometry
FAAS Inductively coupled plasma-
optical emission
spectrometry
ICP-OES
1-Hexyl-3-methylimidazo-
liumhexa- ﬂuoro- phosphate
[Hmim][PF6] Gas chromatography GC Liquid–liquid extraction LLE
Hexyl-3-methylimmidazolium
bis(triﬂuormethylsulfonyl)imid
[Hmim][Tf2N] Graphite furnace atomic
absorption spectrometry
GFAAS Single drop microextraction SDME
1-(2-Pyridylazol)-2-naphthol PAN Sequential injection on-
line dispersive liquid–
liquid microextraction
SI–DLLME Laser desorption ionization
time of ﬂight mass
spectrometry
LDI-TOF
1-Phenyl-3-methyl-4-benzoyl-
5-pyrazolone
PMBP Solid-phase
microextraction
SPME Solid-phase extraction SPE
1-Octyl-3-methyl-imidazolium
bis(triﬂuoro-
methylsulfonyl)imide
[Omim]
[TF2N]
Solidiﬁcation of ﬂoating
organic drop
SFO
Monobutyltin trichloride MBT
Tributyltin chloride TBT
Triphenyltin chloride TPhT
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therefore, the equilibrium state is achieved quickly and there-
fore, the extraction time is very short (Rezaee et al.,
2010a,b). Thus, the short extraction time is the most important
advantage of this method. The applicability of dispersive
liquid–liquid microextraction is mainly based upon the distri-
bution coefﬁcient (K) deﬁned as the ratio between the analyte
concentration in extraction solvent and sample solution, in
other words, K should be greater than 500 to achieve suitable
application of DLLME (Xiao-Huan et al., 2009). However, for
the acidic or alkaline analytes, distribution coefﬁcient could be
increased by controlling the pH value of sample solution, mak-
ing the analytes existing in nonionic state.
Enrichment factor (EF) is deﬁned as the ratio of analyte
concentration in the sedimented phase to the initial concentra-
tion in the aqueous phase as shown in equation:
EF ¼ Csed
C0
ð1Þ
where Csed and C0 are the analyte concentration in sedimented
phase obtained from a suitable calibration graph and the ini-
tial concentration in aqueous phase, respectively. The extrac-
tion recovery (R%) can be calculated as follows:R% ¼ Vsed
Vaq
 EF 100 ð2Þ
where Vsed and Vaq are the volumes of sedimented phase and
sample solution, respectively. On the other hand, the relative
recovery (RR%) is obtained calculatedly from the following
equation:
RR% ¼ ðCfound  CrealÞ  Cadded  100 ð3Þ
where Cfound, Creal and Cadded are the concentration of analyte
after the addition of known amount of standard into the sam-
ple, the real concentration of analyte found in sample, and the
concentration of known amount of standard that is spiked to
the sample, respectively (Youseﬁ et al., 2010).
3. Parameters affecting the extraction efﬁciency of DLLME
3.1. Selection of extraction solvent
The distribution coefﬁcient and selectivity are the most impor-
tant parameters that govern extraction solvent selection. The
selectivity means the ability of the solvent to pick up the
desired component in the feed as compared to other compo-
748 H.M. Al-Saidi, A.A.A. Emaranents. In general, the extracting solvent must be able to extract
the analytes well, while its solubility in water must be low.
Although several articles and reviews stated that, the extrac-
tion solvent must have a density higher than that of water,
some applications of lower-density solvents have also been
proposed (Rezaee et al., 2010a,b). For extractant less dense,
the recovery step is relatively tedious. However, several meth-
ods have been developed for this purpose, including solidiﬁca-
tion of the ﬂoating organic drops (Hui Xu et al., 2010; Zanjani
et al., 2007), adsorption by nanoparticles (Shi and Lee, 2010),
centrifugation and collection of organic phase in special appa-
ratuses (Saleh et al., 2009; Farajzadeh et al., 2010a; Farajzadeh
et al., 2010b). However, when the density of extraction solvent
is lower than that of water, an auxiliary solvent can be used to
make the mixture’s density higher than that of water
(Kocurova et al., 2010). Therefore, phase separation can be
performed by centrifugation without the use of special appara-
tuses. The extraction solvent volume has great effects on the
enrichment factor. With the increase of the extraction solvent
volume, the ﬁnal organic phase obtained by centrifugation is
increased, resulting in a decrease of the concentration of the
target analyte in organic phase, and therefore, EF will
decrease. Thus, the optimal extracting solvent volume should
ensure both high EF and enough volume of the sedimented
phase for the subsequent analysis after centrifugation.
Recently, considerable interest has been raised by using
room temperature ionic liquids (ILs) as replacement of organic
solvents in DLLME due to their unique chemical and physical
properties such as negligible vapor pressure, non-ﬂammability,
good extractability for various organic compounds and
metal ions as neutral or charged complexes. Many of ionic liq-
uids like 1-hexyl-3-methylimidazoliumhexaﬂuorophosphate-
([Hmim][PF6]), 1-octyl-3-methylimidazolium bis(triﬂuoro-
methylsulfonyl)imide, [Omim][TF2N], and 1-hexyl-3-methy-
limmida-zolium bis(triﬂuormethylsulfonyl)imid, ([Hmim]-
[Tf2N]) have been employed as extraction solvents for precon-
centration and determination of many inorganic species
(Youseﬁ and Ahmadi, 2011; Molaakbari et al., 2011;
Gharehbaghi et al., 2009). On the other hand, fatty alcohols,
such as 1-undecanol, (Anthemidis and Kallirroy-Ioannou,
2009), were used as extraction solvents instead of toxic organic
solvents to minimize the side effects of the procedure on
environment.Figure 1 Schematic procedure of solvent terminated dispersive liquid
solvent and disperser solvent into aqueous sample, (B) formation of em
up the emulsion, (D) phase separation, and (E) collection of low-densi
from (Chen et al., 2010a,b).3.2. The function of disperser solvent
The disperser solvent has to be highly miscible with both water
and the extraction solvent. The miscibility of disperser in both
organic and water is the main point of selection for the emul-
siﬁcation of extraction solvent. The extraction solvents with
high interfacial tension make the formation of tiny droplets
by shaking more difﬁcult and the extraction efﬁciency would
not be uniform (Tsai and Huang, 2009). Therefore, disperser
solvent plays an important role in decreasing the interfacial
tension between water and extracting solvent and thus makes
the droplet size smaller. On the other hand, disperser solvent,
in some cases, may serve as terminating solvent (demulsiﬁer) to
break up the oil–water (O/W) emulsion and end off the extrac-
tion process without centrifugation (Chen et al., 2010a,b).
After certain minutes from injection extraction mixture con-
taining disperser solvent, another amount of disperser solvent
is injected into the top surface of the aqueous bulk to break up
the emulsion quickly (Fig. 1). It should be noted that this new
technique namely solvent terminated dispersive liquid–liquid
microextraction (ST-DLLME) was only applied with low den-
sity extraction solvent. Acetone, methanol, acetonitrile, tetra-
hydrofuran, and ethanol are normally used as disperser
solvents. The disperser solvent volume directly affects the for-
mation of the cloudy solution, the degree of the dispersion of
the extraction solvent in aqueous phase, and subsequently, the
extraction efﬁciency. Low volumes of disperser solvent could
not disperse the extraction solvent properly, and therefore,
cloudy solution cannot be formed completely. Reversely, at
high volumes, the solubility of analytes in water increases by
increasing the volume of disperser solvent, thus, the extraction
process is incomplete (Liang and Sang, 2008).
3.3. Effect of the extraction time
In DLLME, the extraction time is deﬁned as the time between
injecting the mixture of extraction and centrifugation (Jahromi
et al., 2007). The results obtained from many investigations
show that the extraction is accomplished in a very short time
after the formation of cloudy solution and the equilibrium
state is achieved quickly. As mentioned above, the very short
time of DLLME is most likely attributed to an inﬁnitely large–liquid microextraction (ST-DLLME). (A) Injection of extraction
ulsion for extraction, (C) addition of terminating solvent to break
ty extraction solvent in the upper layer. Reprinted with permission
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phase (Rivas et al., 2009a,b; Nagaraju and Huang, 2007;
Rezaee et al., 2010a,b).
3.4. Effect of electrolyte addition
The solubility of the target analyte and organic extraction sol-
vent in aqueous phase is usually decreased with the increase of
ionic strength due to the salting out effect (Mirzaei et al.,
2011). On the other hand, the volume of obtained organic
phase increases with increasing the salt concentration and
therefore, both the target analyte concentration and the
enrichment factor decrease. In some investigations, the electro-
lyte addition does not have effective inﬂuence on the efﬁciency
of extraction.
4. Applications of DLLME
The novel sample-preparation method, DLLME can be com-
bined with GC, HPLC, AAS, ICP-OES, and UV–Vis spectro-
photometry. It has been widely applied for the analyses of both
organic and inorganic compounds. However, this review will
be focused on the use of DLLME for the analysis of inorganic
species in variety of samples.
4.1. Combination of DLLME with spectrochemical techniques
Spectrometry is the spectroscopic technique used to assess the
concentration or amount of a given chemical (atomic, molecu-
lar or ionic) species. Most spectroscopic techniques are differ-
entiated as either atomic or molecular based on whether or not
they apply to atoms or molecules. Along with that distinction,
they can be classiﬁed on the nature of their interaction with
matter into absorption, emission, and scattering spectroscopy.
Generally, the simple ions do not have trend to dissolve in
organic solvents; however, such ions must be converted into
complex ions or compounds that have strong trend for solubi-Figure 2 The injection of extraction mixture afterlization in organic media before applying DLLME. There are
two ways for the application of DLLME to preconcentration
of simple metal ions. The ﬁrst one is to add chelating agent
to the sample solution ﬁrst, followed by the addition of appro-
priate extraction solvent and disperser solvent as shown in
Fig. 2. The second is to inject chelating agent, extraction sol-
vent, and disperser solvent to the sample solution containing
metal ion simultaneously (Fig. 3). After shaking, a cloudy mix-
ture is formed, and the metal ions react with the chelating
agent and are extracted into the ﬁne droplets of extraction sol-
vent. The mixture was then centrifugated to obtain extraction
solvent for injection in instrument.
4.1.1. Combination of DLLME with AAS
Atomic absorption spectrometry was widely combined with
DLLME for the preconcentration and determination of sev-
eral inorganic analytes, because such technique only requires
microamounts of sample and is, therefore, well suited for com-
bination with DLLME. The versatility of DLLME combined
with AAS for the extraction of inorganic compounds from var-
ious matrixes is tabulated in Table 2.
Although DLLME was ﬁrstly described in 2006 by Rezaee,
several methods for monitoring more toxic elements in differ-
ent samples have been developed with this technique because
DLLME technique is well suited for monitoring trace and
ultra trace levels of such elements. Two of the ﬁrst applications
of DLLME coupled with AAS for the determination of the
most toxic metal elements are the estimation of cadmium in
water samples by GFAAS (Jahromi et al., 2007; Moghimi,
2008). This element is one of the principal heavy metals of ana-
lytical interest due to its extreme toxicity even at relatively low
concentrations. Therefore, the two developed methods were
sensitive and suitable for monitoring cadmium at sub (ng L1)
levels in water samples. On the other hand, the methods were
characterized by simplicity, accuracy, precision, and low cost.
High preconcentration factor was easily achieved using small
volumes of samples (Table 2). The conventional DLLME com-
bined with GFAAS was also used for the detection of the leadaddition of chelating agent into sample solution.
Figure 3 The simultaneous injection of extraction mixture and chelating agent.
Table 2 Figure of merits of the reported methods involving DLLME.
Analyte (Ref.) Technique Linear
range (lg L1)
DL
(lg L1)
EF Chelating agent Extraction
solvent
Matrix
Co (Youseﬁ and Ahmadi,
2011)
FAAS 0.4–120 0.1 118 PAN [Hmim], [PF6] Water and saline
samples
Pb (Liang and sang, 2008) GFAAS 0.1–20 0.04 78 PMBP CCl4 Biological and
water samples
Cd (Zeini et al., 2007) GFAAS 0.002–0.02 0.0006 125 APDC CCl4 Water
Cd (Moghimi, 2008) GFAAS 0.002–0.02 0.0005 122 Salen CCl4 Water
Au (Shamsipur and
Ramezani, 2008)
GFAAS 0.03–0.5 0.002 388 Victoria
Blue R
Chloro-
benzene
Water and silica ore
As(III) and As(V)
(Liang et al., 2009)
GFAAS 0.1–10 0.036 45 APDC CCl4 Water
Te (IV and VI)
(Najaﬁ et al., 2010)
GFAAS 15–1000 4.0 125 APDC CCl4 Water
Ag (Liang and Peng, 2010) GFAAS 0.1–10 0.012 132 Na-DDTC CCl4 Human hair, water,
bush twigs, leaves
Pb (Naseri et al., 2008) GFAAS 0.05–1 0.02 150 DDTP CCl4 Water
Cr(VI) (Chen et al., 2010a,b) GFAAS 0.5–8 0.07 300 APDC [Hmim], [PF6] Natural water
Cd (Li et al., 2009) GFAAS 2 · 104–1.5 · 105 7400 67 DDTC [Hmim], [PF6] Water
Au (De La Calle et al., 2011) GFAAS – 0.0084 220 Ion pair between
AuCl4
and [CH3(CH2)3]4N
+
Chloro-benzene Water, soil,
river sediments
Ag (Liang et al., 2010) GFAAS 0.1–5 0.02 72 DDTC CCl4 Certiﬁed reference
materials
Cu, Pb (Anthemidis, 2009) FAAS Cu: 0.16–12 Pb:
2.3–160
Cu:0.04
Pb: 0.54
Cu:
560 Pb:
265
ADDPA Xylene Water
Cu (Wu et al., 2011) FAAS 0.5–500 0.1 122 HOX 1-dodecanol Cereals
Se (Bidari et al., 2007 Modiﬁed
GFAAS
0.1–3 0.05 70 APDC CCl4 Water
Cu (Farajzadeh et al., 2008) FAAS 50–2000 3.0 42 HOX CHCl3 Water
Pd (Shamsipur et al., 2009) GFAAS 0.02–0.6 0.007 350 2-amino-1-cyclohexen-
1-dithiocarboxylic acid
CCl4 Water, and
soil samples
Pd (Kokya and Farhadi, 2009) FAAS 100–2000 90 45.7 Thioridazine HCl CHCl3 Water
Mo(VI) (Shamsipur and
Habibollahi, 2010)
GFAAS 0.04–0.8 0.007 362 Na-DDTC CCl4 Water
As(III and V), Sb(III and V)
(Rivas et al., 2009a,b)
GFAAS As: 0.06–2,
Sb: 0.05–5
As: 0.01,
Sb: 0.05
115 APDC CCl4 Water
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this microextraction technique, chelating agent (DDTP), ace-
tone, and carbon tetrachloride are injected simultaneously into
water sample. The lead ions reacted with the chelating agent
and were extracted into the ﬁne droplets of CCl4. After centri-
fugation (2 min at 5000 rpm), the ﬁne CCl4 droplets were sed-
imented at the bottom of the conical test tube (25 ± 1 lL).
The characteristics of the proposed method were compared
with the cloud point extraction (CPE), the liquid–liquid extrac-
tion (LLE), the solid phase extraction (SPE), the on-line solid
phase extraction, and the co-precipitation. Analytical ﬁgures
of merit of the proposed method are summarized in Table 2.
The normal DLLME coupled with AAS was applied for the
determination of toxic metal elements in human ﬂuids. One
of the ﬁrst examples in this ﬁeld is the method developed by
Liang and Sang (2008) for the determination of lead in human
urine. In the proposed approach, 1-phenyl-3-methyl-4-ben-
zoyl-5-pyrazolone (PMBP) was used as a chelating agent,
while, carbon tetrachloride and ethanol were selected as
extraction and dispersive solvents, respectively. Under the
optimum conditions, the enrichment factor, limit of detection,
and relative standard deviation of this method were 78,
40 ng L1, and 3.2%, respectively.
Metals sometimes occur in very low concentrations (typi-
cally nmol/L to pmol/L) in some matrixes like seawater, on
the other hand, the complex matrix makes their analysis a
challenge. Therefore, most instrumental techniques involving
atomic absorption spectrometry require preconcentration step
prior to trace-metal analysis. Here, we will discuss some of
DLLME–AAS applications for the preconcentration and
determination of metal ions in variety of samples, while, other
applications will be mentioned brieﬂy at the end of this section.
Shamsipur developed a new method based on highly efﬁ-
cient separation and preconcentration of gold by DLLME fol-
lowed by its determination with GFAAS (Shamsipur and
Ramezani, 2008). It was successfully applied for the extraction
and determination of gold in tap water and silicate ore samples
with Victoria Blue B and 0.04% Pd(NO3)2 as chelating agent
and chemical modiﬁer, respectively. Ion pair-based DLLME
was employed for the determination of gold at ppb levels in
water, soil and river sediments (De La Calle et al., 2011).
The method based upon the extraction of the ion pair formed
between AuCl4 and [CH3(CH2)3]4N
+ in a microliter-range
volume of chlorobenzene using acetone as disperser solvent.
In the case of solid samples, ultrasound–assisted extraction
(UAE) was used instead of intensive pretreatment prior to
the application of DLLME. The enrichment factor obtained
was 220 for water samples. Whereas, the procedural detection
limits were 42 ng L1 for water samples and 1.5 ng g1 for
environmental solid samples. Liang and Peng (2010) developed
new procedure for the determination of silver ion in certiﬁed
reference materials of human hair, bush twigs, leaves, and
water samples. The method is based upon the combination
of DLLEM technique with GFAAS. Diethyldithiocarbamate
was used as suitable chelating agent, while, carbon tetrachlo-
ride and methanol were employed as extraction and dispersive
solvent, respectively. Linearity was observed over the range of
0.1–10 lg L1, while, the limit of detection (LOD) of the
method was 0.012 lg L1.
Metalloids such as arsenic, antimony, and tellurium occur
in the environment under various chemical species, and their
toxicity depends mainly upon their chemical forms. Therefore,the chemical speciation becomes a necessary step for accurate
characterization of pollution levels with such elements. The lit-
erature survey showed that, the normal DLLME combined
with AAS has been employed for the preconcentration and
chemical speciation of some metalloids in different environ-
mental samples. One of the DLLME applications in this ﬁeld
is the new method developed by Liang for the chemical speci-
ation of inorganic arsenic species (As(III) and As(V)) using
graphite furnace atomic absorption spectrometry (GFAAS)
detection (Liang et al., 2009). In this method, As(III) com-
plexes with ammonium pyrrolidinedithiocarbamate (APDC)
and then can be extracted into carbon tetrachloride droplets
formed by injecting the binary solution of carbon tetrachloride
(extraction solvent) and methanol (dispersive solvent) into the
sample solution. Under experimental conditions, As(V) is not
extracted and remained in aqueous phase. Total inorganic
arsenic was determined after reduction of As(V) to As(III)
by sodium thiosulfate or potassium iodide, and As(V) was cal-
culated by difference. Figures of merit of the method are
shown in Table 2.
Another application of DLLME–AAS to the chemical spe-
ciation of metalloids was the rapid and selective estimation of
Te(IV) and Te(VI) in water samples employing GFAAS
(Najaﬁ et al., 2010). Under the acidic condition (pH  1), only
Te(IV) can form a complex with APDC and then can be
extracted into ﬁne droplets of CCl4 which are dispersed by eth-
anol. Te(IV) was determined in the sedimented organic phase,
while Te(VI) remained in the aqueous phase. Total inorganic
tellurium was determined after the reduction of the Te(VI) to
Te(IV), and Te(VI) was calculated from the difference between
the measured total inorganic tellurium and Te(IV) content.
The effective parameters inﬂuencing on the efﬁciency of mic-
roextraction process were investigated by using experimental
and central composite designs (see Table 2).
The applications of the normal DLLME combined with
AAS to the determination of nonmetals are still less than those
of DLLME–AAS in the ﬁeld of metals analysis. One of the
examples of DLLME–AAS applications in nonmetals determi-
nation is monitoring selenium in water samples by DLLME
combined with iridium-modiﬁed pyrolitic tube graphite fur-
nace atomic absorption spectrometry. A mixture containing
ethanol, CCl4, and APDC was rapidly injected into aqueous
solution, and Se–APDC complex was extracted by centrifuga-
tion. Since Se–APDC complex is highly volatile, pyrolitic
graphite platform was used to avoid selenium loss. The effect
of several interferences was not signiﬁcant on the extraction
recovery of selenium (as selenite), except Ni(II), Al(III) and,
especially Cu(II). These could be alleviated by adding EDTA
to the sample. Total inorganic selenium was determined in
water samples after pre-reduction of selenate to selenite by
gentle boiling in 5 mol L1 HCl for 50 min.
Many improvements have been introduced to the normal
DLLME to increase the extraction efﬁciency, make the
method completely free from toxic organic solvents, eliminate
undesirable interferences of co-existing metal ions with ana-
lyte, and make DLLME suitable for combination with the dif-
ferent analytical techniques. In the next lines of this section, we
will describe brieﬂy improvements made in DLLME.
One of the improvements introduced to DLLME is the
usage of ionic liquids as extraction solvents instead of toxic
organic solvents like chlorinated hydrocarbons. However, the
performance of the ionic liquids based DLLME (IL-based
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centration of salt, because the ionic strength of the aqueous
solution increases and, therefore, the solubility of ILs in aque-
ous media increases (Youseﬁ and Ahmadi, 2011). Moreover,
by further increasing the concentration of salt, ILs are dis-
solved completely in aqueous medium and the cloudy solution
is not formed. Consequently, IL-based DLLME cannot be
applied for the extraction and preconcentration of analyte(s)
from samples containing high concentration of salt. Youseﬁ
introduced new IL-based DLLME technique that can be
applied for preconcentration of inorganic species even at high
concentration of salt up to 40% w/v (Youseﬁ and Ahmadi,
2011). The proposed technique was used for preconcentration
of cobalt from the saline and water samples. The technique of
the robust IL-based DLLME against high salt content is based
upon the use of 1-hexyl-3-methylimidazolium hexaﬂuorophos-
phate ([Hmim][PF6]), water-immiscible ionic liquid, NaPF6
and ethanol as extraction solvent, common ion, and disperser
solvent, respectively. According to the common-ion effect, the
solubility of ionic liquids, e.g., [Hmim][PF6] in aqueous media
decreases in the presence of common ion (PF6 ) even at the
high ionic strength. Therefore, the robust IL-based DLLME
against high salt content can be applied for aqueous samples
containing high concentration of salt. The linearity and detec-
tion limit of the proposed method were 0.4–120 and
0.1 lg L1, respectively.
The development of ionic liquid-based ultrasound-assisted
DLLME (IL-based USA-DLLME) technique makes DLLME
completely free of volatile organic solvents in contrast to con-
ventional DLLME. In IL-based USA-DLLME, ultrasonic
probe is employed rather than disperser solvent to disrupt
the ionic liquid (extraction solvent). New IL-based USA-
DLLME method was proposed for the determination of chro-
mium(VI) by GFAAS (Chen et al., 2010a,b). The hydrophobic
chelate of chromium(VI) with APDC was extracted into the
ﬁne droplets of [Hmim][PF6], which was dispersed into the
aqueous sample solution by ultrasonication using an ultrasonic
probe. The limit of detection of the proposed method was
0.07 ng mL1 for Cr(VI) and the relative standard deviation
for ﬁve-replicated determination of 2.0 ng mL1 Cr(VI) was
9.2%. The proposed method has been also successfully applied
to the determination of chromium(VI) species in lake and tap
water samples. IL-based USA-DLLME technique was also
proposed for extraction and determination of rhodium from
aqueous samples (Molaakbari et al., 2011). Rh(III) was con-
verted into its complex with 2-(5-bromo-2-pyridylazo)-5-
diethylamino phenol. The complex formed was extracted into
ﬁne droplets of [Omim][TF2N] which was dispersed in the
aqueous solution by an ultrasonic bath. The centrifuged rho-
dium complex was then enriched in the form of ionic liquid
droplets prior to its analysis by FAAS. The calibration graph
was linear in the range of 4.0–500.0 ng mL1, and the detection
limit was 0.37 ng mL1, while, the relative standard deviation
was ±1.63% (n= 7, C= 200 ng mL1). A new method was
developed for the determination of cadmium in water samples
using IL-based USA-DLLME followed by GFAAS (Li et al.,
2009). The ionic liquid, [Hmim][PF6], was quickly disrupted by
an ultrasonic probe for 1 min and dispersed in water samples
as cloud. A hydrophobic cadmium–DDTC complex was
formed and extracted into the ﬁne droplets of [Hmim][PF6].
Under optimal conditions, a high extraction efﬁciency and
selectivity were reached for the extraction of 1.0 ng of cad-mium in 10.0 mL of water solution employing 73 lL of ionic
liquid. The enrichment factor, detection limit, and linearity
are demonstrated in Table 2.
A new approach of DLLME namely displacement-disper-
sive liquid–liquid microextraction (D-DLLME) method was
developed for eliminating undesirable interferences due to
the competition of co-existing metal ions with analyte for reac-
tion with complexing agent. D-DLLME was proposed for the
selective determination of silver in environmental and geolog-
ical samples (Liang et al., 2010). Fig. 4 depicts the main steps
of D-DLLME for preconcentration of silver. The principle of
this technique is based on the stability difference of metal com-
plexes. The targeted metal (M1) with higher complex stability
(M1L) where L is the ligand, can take the place of another
metal (M2) with lower complex stability from its complex
(M2L) according to the following equation:
M1 þM2L!M1LþM2 ð4Þ
whereas the reverse reaction cannot occur. Through the dis-
placement reaction, interferences from the co-existing ions
due to the competition for the ligand could be greatly elimi-
nated. In the proposed D-DLLME procedure, diethyldithio-
carbamate (DDTC) was selected as the chelating agent. On
the other hand and according to the stability order of DDTC
complexes, Cu2+ was selected as pre-extraction metal ion for
the selective preconcentration of silver because the only metal
ions that can displace copper from Cu–DDTC complex are
Hg2+, Pd2+, and Ag+. According to the scheme given in
Fig. 4, the DLLME procedure was carried out twice during
a single sample pretreatment process: ﬁrstly, Cu2+ was com-
plexed with DDTC and subjected to DLLME process. Sec-
ondly, after removing the aqueous phase, the sedimented
phase was dispersed into the sample solution containing silver
ion by methanol and another DLLME process was carried
out. Due to the stability of Ag–DDTC is greater than that
of Cu–DDTC, Ag+ can replace Cu2+ from the pre-extracted
Cu–DDTC complex and enter the sedimented phase. Then,
the sedimented phase was subjected to graphite furnace atomic
absorption spectrometer for the determination of Ag.
One of the most important improvements introduced to
DLLME to make the method an automatic on-line hydrody-
namic analytical system is the use of microcolumns as an alter-
native of centrifugation to collect the hydrophobic droplets
containing analyte. Automation and on-line combining of
DLLME to analytical instruments seem to be difﬁcult before
using such columns. For the ﬁrst time, Anthemidis’ group
developed an on-line sequential injection DLLME system to
FAAS for the determination of copper and lead in water sam-
ples (Anthemidis and Kallirroy-Ioannou, 2009). The xylene
droplets, containing the metal complexes, were retained on
the PTFE-turnings into the microcolumn. Then, a segment
of 300 lL isobutyl methyl ketone (IBMK) was pumped
through the microcolumn eluting the analyte. The eluent was
forwarded to the nebulizer for atomization and measuring
(see Table 2). The same authors used microcolumn packed
with a novel hydrophobic sorbent (polyetheretherketone –
turning) to separate extractant ﬁne droplets from aqueous
solution (Anthemidis and Ioannou, 2011). Fatty alcohol (1-
undecanol) dissolved in methanol was employed to extract
Ag–DDTC complex. The ﬁne droplets of extractant retained
into microcolumn were quantitatively eluted by IBMK and
transported directly to the FAAS nebulizer. Under the opti-
Figure 4 The main steps of D-DLLME for preconcentration of silver.
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standard deviation (RSD) of 2.9% at 5.00 lg L1 Ag(I)
concentration level and an enhancement factor of 186 were
obtained.
Despite many beneﬁts of the conventional version of
DLLME, the choice of extraction solvent is its main draw-
back. In the normal DLLME, solvents with the densities
higher than water are required and further, they are not often
compatible with some detection techniques like ICP-OES and
reverse phase HPLC. However, dispersive liquid–liquid mic-
roextraction based on solidiﬁcation of ﬂoating organic droplet
(DLLME-SFO) developed by Leong and Huang in 2008 uses
solvents with the densities lower than water, and therefore,
the developed version of DLLME becomes suitable for combi-
nation with larger number of detection techniques, and has lit-
tle side effects on the environment. On the other hand, the
solvents used in DLLME-SFO must have melting point near
room temperature (in the range of 10–30 C) to solidify the
ﬂoated extractant droplet quickly (Wu et al., 2011). InDLLME-SFO, an extraction solvent is dissolved in a water-
miscible dispersive solvent. The resultant mixture is then rap-
idly injected into an aqueous sample by syringe. The analytes
in the sample are extracted into the ﬁne droplets, which are
further separated by centrifugation. The ﬂoated extractant
droplet on the top of the test tube is then rapidly solidiﬁed
in an ice bath and could be easily collected. DLLME-SFO
was used successfully to determine the copper ion in cereal
samples by ﬂame atomic absorption spectrometry (Wu et al.,
2011). The type of extraction solvent, chelating agent, and ﬁg-
ures of merit of the method are listed in Table 2. New
DLLME-SFO has been developed for simultaneous precon-
centration determination of Ni(II), Co(II), Pb(II) and Cr(III)
by GFAAS (Mirzaei et al., 2011). 5-Br PADAP and 1-undec-
anol were selected as chelating agent and extraction solvent;
respectively. After centrifugation for 5 min at 4000 rpm, the
organic solvent droplet was ﬂoated on the surface of the aque-
ous solution. Then the test tube was transferred into an ice
bath; the organic solvent was solidiﬁed for 5 min because of
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transferred into a cup of auto sampler of GFAAS by a simple
glass spatula where, it started to melt at room temperature. In
this step, the volume of organic phase was nearly 60 lL.
Finally, for quantitation of each metal ion, 10 lL of the extract
was injected into the graphite furnace atomic absorption spec-
trometry. The limits of detection were 0.2 ng L1 for Cr and
1.3 ng L1 for Co, Ni and Pb with a preconcentration factor
of 800 times. Other applications of DLLME combined with
FAAS, and GFAAS for the determination of copper in water
samples (FAAS) (Farajzadeh et al., 2008), preconcentration of
palladium in water and soil samples (GFAAS) (Shamsipur
et al., 2009), selective determination of the trace amounts of
palladium (FAAS) (Kokya and Farhadi, 2009), determination
of molybdenum in water samples (GFAAS) (Shamsipur and
Habibollahi, 2010), and the chemical speciation of arsenic
(III,V) and antimony (III,V) in water (GFAAS) are shown in
Table 2.
4.1.2. Combination of DLLME with ICP
The applications of normal DLLME combined with induc-
tively coupled plasma (ICP) are less than those of DLLME–
AAS due to the use of solvents having densities higher than
water, most of which are not often compatible with ICP
(Rezaee et al., 2010a,b). However, evaporation of extraction
solvent before sample introduction into ICP spectrometer
becomes necessary step when such solvents are employed.
Mallah introduced new preconcentration method of
DLLME for the simultaneous determination of samarium,
europium, gadolinium and dysprosium. The method is based
upon the complexes formation of analytes with 1-(2-pyridy-
lazo)-2-naphthol (PAN) (Mallah et al., 2008). A mixture of
extraction solvent (400 lL, CHCl3), and disperser solvent
(10 mL, CH3OH) was injected rapidly into an aqueous solu-
tion containing Sm, Eu, Gd and Dy after complex formation.
Taking into account the incompatibility of the extraction sol-
vent of DLLME with ICP-OES, the extract is not directly ana-
lyzable by this technique. Therefore, the settled phase was ﬁrst
dried in an oven at 80 C, and then diluted by HNO3 (0.5 mL,
1.0 mol L1). The obtained solution was introduced into ICP-
OES by peristaltic pump. Under the best operating condition,
simultaneous preconcentration factors of 80, 100, 103 and 78
were obtained for Sm, Eu, Gd and Dy, respectively.
Simultaneous preconcentration and trace determination of
chromium, copper, nickel, and zinc in water sample were per-
formed by DLLME coupled with ICP-OES (Sereshti et al.,
2011). With the aid of fractional factorial design, the effective
parameters of DLLEM, e.g., volume of extraction, and disper-
sive solvents, pH, and concentration of both salt and chelating
agent were studied to identify the most important parameters
and their interactions. Sodium diethyldithiocarbamate (Na-
DDTC) was selected as the chelating agent, while, methanol
(disperser solvent) containing 113 lL of carbon tetrachloride
(extraction solvent) was used as extraction mixture. After cen-
trifugation, the sediment phase was dried by an oven at 90 C
and the residue after drying was dissolved in HNO3
(1.0 mol L1) and introduced into ICP-OES. Linear dynamic
range under the optimum conditions was 1–750 lg L1 for
Cr, and 1–1000 lg L1 for Cu, Ni, and Zn.
The different models of DLLME using solvents with densi-
ties lower than water, such as DLLME-SFO, have made com-bination of DLLME with ICP more easy compared to normal
DLLME, because many extraction solvents usually used in
these models are compatible with ICP, and therefore, the dry-
ing step becomes not required. DLLME-SFO was proposed
for preconcentration and determination of aluminum in water
samples by ICP-OES (Rezaee et al., 2010). An appropriate
mixture of acetone and 1-undecanol was injected rapidly into
the aqueous sample containing aluminum–morin complex
and as a result of this, cloudy mixture was formed. After cen-
trifugation, the test tube was cooled for 5 min. The solidiﬁed 1-
undecanol on top of the solution was transferred into a suit-
able vial and then dissolved in 100 lL of 1-propanol to
decrease the viscosity and increase nebulization efﬁciency in
ICP-OES instrument. The enhancement factor of 128 was
obtained for only 20.0 mL of the water sample. The calibration
graph was linear in the range of 1.0–250.0 lg L1 with the limit
of detection of 0.8 lg L1. DLLME combined with ﬂow injec-
tion ICP-MS was used for the simultaneous determination of
cadmium, lead and bismuth in water samples (Jia et al.,
2010). The metal elements were complexed with Na-DDTC,
and then the complexes were extracted into carbon tetrachlo-
ride by using DLLME. Under the optimized conditions, the
enrichment factors for Cd, Pb and Bi are 460, 900 and 645
in 5 mL of a spiked water sample; respectively. The calibration
graphs for the three metals are linear in the range of concentra-
tions from <10 ng L1 to 1000 ng L1. The detection limits
are 0.5, 1.6 and 4.7 ng L1, respectively.
A new, rapid and simple procedure based on DLLME of
the Cr(VI) chelate with ammonium pyrrolidine dithiocarba-
mate (APDC) and subsequent ICP-MS analysis of the extracts
by using dried-droplet laser ablation (LA) sample introduction
was developed for the determination of ultra trace amounts of
Cr(VI) (Razmislevicien et al., 2010). DLLME was performed
using 1 mL of methanol containing 50 lL of CCl4 as extraction
mixture. Several factors inﬂuencing the DLLME performance,
e.g. sample pH, concentration of APDC and effect of potential
interferences were established. Dried microdroplets (7 lL) of
the obtained extracts were ablated from a polystyrene sub-
strate and analyzed by ICP-MS. External calibration was used
in combination with platinum (195Pt) as an internal standard.
Proposed methodology yields sufﬁciently low detection limits
(0.11 and 0.31 lg L1 for 52Cr and 53Cr, respectively) with pre-
cision between 4% and 8%. The method was applied to deter-
mine Cr(VI) in tap and river samples. The spike recoveries
showed acceptable performance of the method.
4.1.3. Combination of DLLME with UV–Visible
spectrophotometry
Dispersive liquid–liquid microextraction can also be coupled
with UV–Vis spectrophotometry for the quantitative determi-
nation of metal ions. One of the ﬁrst applications of DLLME
combined with UV–Vis spectrophotometry was proposed by
Gharehbaghi et al. (2008) for the determination and precon-
centration of trace levels of cobalt in tap and river water sam-
ples. Co–PAN complex was extracted into ﬁne chloroform
droplets, and after centrifugation (2 min at 5000 rpm), these
droplets were sedimented at the bottom of conical test tube.
The enhancement factor and detection limit of 125 and
0.5 lg L1, respectively, were obtained from 50 mL of water
sample. The chemical speciation of iron in different water sam-
ples was performed using DLLME technique followed by spec-
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based on complexation of Fe(II) with o-phenanthroline, the
subsequent ion-association formation with picrate anion and
then extraction of the complex using DLLME. The calibration
curve was linear over the range of 25–1000 lg L1 with the
limit of detection of 7.5 lg L1.
Determination of cadmium and copper in water and food
samples by DLLME combined with UV–Vis spectrophotome-
try was performed by Wen et al. (2011). In this work, dithizone
and diethyldithiocarbamate were utilized as chelating agents
for cadmium and copper, respectively. The limits of detection
for cadmium and copper were 0.01 and 0.5 lg L1, with
enhancement factors of 3458 and 10, respectively. DLLME
combined with ﬁber optic-linear array detection spectropho-
tometry (FO-LADS) was developed using a cylindrical micro-
cell for the preconcentration and determination of Cu(II) in
different samples (Ezoddin et al., 2010). Since the remained
phase after DLLME is very little (microvolumes), FO-LADS
is well suited for combination with DLLME technique com-
pared with normal spectrophotometry which needs relatively
large volumes in measurement step. Molar absorptivity of
complex Cu with 4-benzylpiperidineditiocarbamate potassium
salt (BPDC) was 2.75 · 104 L mol1 cm1 at kmax = 436 nm.
Under the optimum conditions the calibration graph was lin-
ear in the rage of 2–70 lg L1 with the detection limit of
0.34 lg L1. The proposed procedure was successfully applied
to the determination of Cu(II) in real water samples and
human urine sample.
Shokouﬁ used also FO-LADS in combination with
DLLME for the simultaneous preconcentration and determi-
nation of palladium and cobalt in water and synthetic samples
with PAN (4-(2-pyridylazo)-2-naphthol) as chelating reagent
(Shokouﬁ et al., 2007a,b). Since the absorption spectra of Pd
and Co complexes overlap, derivative spectrophotometry was
used for simultaneous determination of them. The calibration
graphs were linear in the range of 2–100 and 1–70 lg L–1 with
the detection limit of 0.25 and 0.2 lg L–1 for palladium and
cobalt, respectively. The enhancement factors of 162 and 165
were obtained for palladium and cobalt, respectively. A new
simple and rapid IL-DLLME has been applied to preconcen-
trate trace levels of molybdenum(VI) present in water and
leaves samples as a prior step to its enhanced determination
by FO-LADS (Gharehbaghi and Shemirani, 2011). In this
method, [Hmim][Tf2N] was applied to extract molybdenum–
pyrogallol red complex, which was formed in an aqueous solu-
tion in the presence of N-cetyl-N-N-N-trimethyl ammonium
chloride as a sensitizing agent. Under optimum conditions,
enhancement factor, detection limit and relative standard devi-
ation (n= 5, for 30 lg L1 of molybdenum(VI)) in 10 mL
water sample were 72.6, 1.43 lg L1 and 2.8%, respectively.
A new simple and rapid DLLME based on ionic liquid (IL)
has been applied for the preconcentration of trace levels of
mercury as a prior step to its determination by spectrophoto-
metric detection (Gharehbaghi et al., 2009). In this method,
small amount of an IL ([Hmim][Tf2N]) as the extraction sol-
vent was dissolved in acetone as the disperser solvent and
the binary solution was then rapidly injected by a syringe into
the water sample containing Hg cations which were complexed
by 4,40-bis(dimethylamino) thiobenzophenone in the presence
of sodium dodecyl sulfate as the anti-sticking agent. The
enrichment factor of 18.8 was obtained from 10 mL of sample,
while, the detection limit of the method was found to be3.9 lg L1 and the relative standard deviation for 50 lg L1
of mercury was 1.7%.
A novel approach in DLLME based on the use of an
auxiliary solvent for the adjustment of density of extraction
mixture was proposed for the determination of gold spectro-
photometrically (Kocurova et al., 2010). As it is above men-
tioned, this approach allows the use of solvents having a
density lower than that of water as an extraction solvent,
because the auxiliary solvent makes the mixture’s density
higher than that of water, therefore, phase separation is per-
formed by centrifugation without use of special vessels or addi-
tional steps. The determination of gold is based on the
formation of the ion pair of [Au(CN)2]
 anion with Astra
Phloxine (R) reagent and its extraction using the DLLME pro-
cedure with subsequent UV–Vis spectrophotometric detection.
Under optimized conditions, the calibration plot was linear in
the range of 0.39–4.7 mg L1. The ion associate formed
between Cu(I) and 1,3,3-trimethyl-2-[5-(1,3,3-trimethyl-1,3-
dihydroindol-2-ylidene)-penta-1,3-dienyl]-3H-indolium (DIDC)
in the presence of chloride ion as a ligand was used for the
determination of copper by DLLME combined with UV–Vis
spectrophotometry (Sˇkrlı´kova´ et al., 2011). The negative laser
desorption ionization time of ﬂight mass spectra (LDI-TOF
MS) of the organic phase after applying DLLME was
employed for the description of the mechanism of ion associate
formation. The absorbance of the colored extracts at 640 nm
wavelength obeys Beer’s law in the range of 20–90 lg L1 for
Cu, while the limit of detection was 5 lg L1 for Cu. A novel
application of DLLME coupled with UV–Vis spectrophotom-
etry was developed for the determination of boron in mineral
water (Rusna´kova´ et al., 2011). The method is based on
ultrasound-assisted conversion of boron to tetraﬂuoroborate
anion and the formation of an ion pair between BF4 and
Astra Phloxine reagent (R), followed by DLLME of the ion
pair formed and subsequent UV–Vis spectrophotometric
detection at kmax = 553 nm. The extraction of the ion pair
formed between BF4 and R was performed employing mixture
of amyl acetate (as extraction solvent), tetrachloromethane (as
auxiliary solvent) and acetonitrile (as dispersive solvent) in a
ratio 1:1:2. The absorbance at 553 nm obeys Beer’s law in
the range of 0.22–18.7 mg L1, while the detection limit was
0.015 mg L1 for B(III).4.2. Combination of DLLME with chromatographic techniques
According to our knowledge, the applications of DLLME
combined with GC for the determination of inorganic species
are very limited. This is most likely referred to the number
of inorganic compounds which are volatile and thermally-sta-
ble is very limited. On the other hand, the simple inorganic
ions do not trend to be extracted by organic solvents due to
their low solubility in organic media. However, the conversion
of these compounds to volatile and thermal-stable species can
be carried out by the derivatization reactions. Ranji applied
DLLME–GC for the determination of calcium stearate in a
polymer matrix after its conversion to stearic acid (Ranji
et al., 2008). For the extracting analyte from the polymer,
the solution of HCl (2.0 mol L1) dissolved in pure 2-propanol
was used. For stearic acid preconcentration before its injection
to a separation system, a dispersive liquid–liquid microextrac-
tion, using carbon tetrachloride as an extracting solvent is
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of a conical test tube after centrifuging was injected into GC
instrument for quantiﬁcation. This method has a relatively
broad linear dynamic range (50–2000 mg L1) with a relatively
high LOD (15 mg L1) for stearic acid in solution. The LOD
of the proposed method in a polymeric sample using 10 mg
of polymer is 60 ppm as calcium stearate. By this method,
the calcium stearate contents in different commercial and stan-
dard polymers were evaluated and compared with the results
obtained by AAS. Because this method determines calcium
stearate as stearic acid, it could not discriminate between cal-
cium and zinc stearates. Selenium(IV) was determined by
DLLME coupled with gas chromatography-electron capture
detection (GC-ECD) after its conversion to piazselenol
(Bidari et al., 2008). Se(IV) reacts with 4-nitro-o-phenylendi-
amine to form 5-nitronitropiazselenol. The selenium derivative
(5-nitropiazselenol) was extracted by a mixture of 0.5 mL eth-
anol as disperser solvent and 11.0 lL of chlorobenzene as
extraction solvent. The calibration graph was linear in the
range of 0.015–10 lg L1 with a detection limit of
0.005 lg L1. The relative standard deviation for 10 replicate
measurements of 2 lg L1 for selenium was 4.1%. The method
was applied for the determination of selenium in environmen-
tal surface water samples with satisfactory recovery. DLLME
combined with high-performance liquid chromatography
inductively coupled plasma mass spectrometry (HPLC-ICP-
MS) was employed for mercury speciation (MeHg+ and
Hg2+) in tap, snow, and lake water. Complexes of MeHg+
and Hg2+ with Na-DDTC were extracted into carbon tetra-
chloride by DLLME. The enrichment factors of 138 and 350
for MeHg+ and Hg2+ were obtained from only 5.00 mL sam-
ple, while, the limits of detection of the analytes (as Hg) were
7.6 ng L–1 for MeHg+ and 1.4 ng L–1 for Hg2+. Fig. 5 depicts
chromatograms of MeHg+ and Hg2+ extracted by DLLME
from three water samples (A), and chromatogram of enriched
MeHg+ and Hg2+ determined in the standard reference mate-
rial of seawater (B).
A new method for the simultaneous determination of
Cu(II) and Zn(II) ions in water samples was developed by dis-
persive liquid–liquid microextraction preconcentration fol-
lowed by HPLC with UV detection (Farajzadeh et al.,
2010a,b). An experimental and central composite designs cou-
pled with response-surface methodology was used for the opti-
mization of the involved experimental parameters. In the
proposed approach, 8-hydroxy quinoline (HOX) was used as
a chelating agent and chloroform and methanol were chosen
as the best extraction and dispersive solvents, respectively.
The calibration graphs were linear in the range of 10–
4000 lg L1 with the detection limits of 3 lg L1 for both
analytes.
DLLME and gas chromatography-ﬂame photometric
detection (DLLME GC-FPD) were performed for the specia-
tion of butyl and phenyltin compounds in water samples after
derivatization with sodium tetraethylborate (NaBEt4)
(Birjandi et al., 2008). Some important parameters, such as
pH, amount of NaBEt4, derivatization time, kind and volume
of extraction and disperser solvents, extraction time and salt
effect were investigated and optimized. High enrichment fac-
tors (825–1036) and low detection limits (0.2–1 ng L1) were
obtained under the optimum conditions. The calibration
graphs were linear in the range of 0.5–1000 ng L1 (as Sn)
for the target analytes. The relative standard deviations(RSDs) for the extraction of 20 ng L1 (as Sn) of butyl and
phenyltin compounds varied from 2.3% to 5.9% (n= 7) and
from 4.1% to 8.8% (n= 7) with and without using internal
standard; respectively. Seawater and river water samples were
successfully analyzed using the proposed method and the rela-
tive recoveries of the studied compounds in the water samples,
at spiking levels of 10.0 and 100 ng L1 (as Sn) were obtained
to be 82.5–104.7%. Fig. 6 depicts the chromatogram of seawa-
ter (A) and spiked seawater at the concentration level of
10.0 ng L1 (as Sn) of each butyl and phenyltin compound
(B) obtained using DLLME-GC-FPD.
4.3. Miscellaneous combination of DLLME with other
instruments
DLLME combined with digital colorimetry was proposed for
the determination of trace nitrite in water samples. The settled
organic phase was spotted into the silica gel TLC plate and
then directly imaged by a digital camera. The spot’s gray scale
integral value was proportional to nitrite concentration. The
calibration curve was linear in the concentration range of
2.0–80 lg L1 and LOD was 0.22 lg L1. Shokouﬁ and
Hamdamali (2010) have designed a new combination method
including laser induced-thermal lens spectrometry (Li-TLS)
and DLLME for the determination and preconcentration of
trace amount of lead in liquid samples. A single-laser thermal
lens spectrometer designed by two investigators is presented
schematically in Fig. 7. DLLME combined with Li-TLS is
favorable because TLS is suitable for microvolume of the
remained phase obtained after DLLME. Also, organic sol-
vents highly enhance thermal lens effect in the phase remained
after DLLME in comparison with aqueous media. Under opti-
mum conditions, the calibration graphs were linear in the
range of 0.1–75 lg L1 with the detection limit of 0.01 lg L1.
The enhancement factor of 1000 was obtained from a sample
volume of 10.0 mL and determination volume of 25 lL.
DLLME/Li-TLS method was applied to the analysis of human
blood serums and real water samples.
5. Comparison of DLLME with other extraction techniques
In general, DLLME enjoys the advantages of simplicity of
operation, rapidity, low cost, high recovery, high preconcen-
tration factor and environment benignity. On the other hand,
the problems of contamination and loss of analytes in
DLLME are less than conventional solvent extraction because
only one operational step is required. Comparative study
between DLLME and conventional liquid–liquid extraction
demonstrated that both methods exhibit similar extraction per-
formance in terms of recovery and precision, but, the detection
limit with DLLME is better than the conventional extraction
methods. This may be explained by the fact that high enrich-
ment factors could be obtained by DLLME. In comparison
with the other liquid–phase microextraction approaches, e.g.
single drop microextraction (SDME), solid drop microextrac-
tion (SD-LPME), homogeneous liquid–liquid microextraction
(HLLME), and hollow ﬁber-based liquid-phase microextrac-
tion (HF-LPME), the DLLME is advantageous in terms of
short total extraction time, cost, and feasibility. On the other
hand, addition of an acid, base, or salt for conversion to bipha-
sic system is inevitable in HLLME, and therefore, some ana-
Figure 5 (A) Chromatograms of the enriched MeHg+ and Hg2+ from (a) lake water (b) snow water and (c) spiked snow water
(0.05 ng mL1 of each mercury species). (B) Chromatograms of the enriched MeHg+ and Hg2+ from the standard reference material of
seawater (sample was diluted 10-fold before analysis). Reprinted with permission from (Jia et al., 2011).
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(Gharehbaghi and Shemirani, 2011). The problem of drop dis-
lodgment is common in SDME due to the use of syringe as
drop holder during the extraction process, while the syringe
in DLLME is employed for the collection and injection of
the extract, thus such problems are avoided. Comparison of
some applications of DLLME with cloud point extraction
(CPE) methods that used the same detection techniques and
chelating agents (Jiang et al., 2010; Tang et al., 2005;
Shemirani et al., 2007; Shokouﬁ et al., 2007a; Shokouﬁ
et al., 2007b; Niazi et al., 2009) reveals that both techniques
have similar efﬁciency in terms of sensitivity and recovery
(Table 3). However, DLLME is faster than CPE because the
last technique sometimes needs heating aqueous solutions for
long periods to achieve cloud point temperature. On the other
hand, extraction efﬁciency of CPE may decrease in the pres-
ence of more than 3% of a water-miscible organic solvent such
as THF usually used to decrease the viscosity of surfactant-
rich phase and facilitate sample handling due to dissolution
of the surfactant-rich phase and decreasing the volume of this
phase (Manzoori and Ghasem Karim-Nezhad, 2003). DLLMEcan also be used as a clean-up procedure. The injection of the
mixture of ‘‘extraction and dispersion’’ solvents, which already
contain the target analytes in an aqueous solution, may be
developed successfully (recovery values are maintained and
cleaner extracts are obtained).
6. Limitations and outlook on the future of DLLME technique
The present review has focused on the recent developments in
DLLME and its applications in conjunction with different
analytical techniques for the preconcentration and determina-
tion of inorganic species in different samples. Although the
performance of DLLME in aqueous samples is excellent, it is
not yet suitable in complex matrixes such as biological sam-
ples. Therefore, it needs further improvements in future. One
of the main disadvantage of DLLME is the consumption of
relatively large volumes (i.e. mL) of disperser solvents which
usually decreases the partition coefﬁcient of analytes into the
extractant solvent (Tsai and Huang, 2009; Mohammadi
et al., 2011). To avoid this problem, some improvements have
suggested the use of either ultrasonic energy or cationic surfac-
Figure 6 Chromatogram of seawater (A) and spiked seawater at the concentration level of 10.0 ng L1 (as Sn) of each butyl and
phenyltin compound (B) obtained using DLLME-GC-FPD. Concentration of tripropyltin chloride (I.S.), 20.0 ng L1. Peak identiﬁcation:
(1) MBT; (2) DBT; (3) MPhT; (4) TBT; (5) DPhT; (6) TPhT; (I.S.) tripropyltin chloride. Reprinted with permission from (Birjandi et al.,
2008).
Figure 7 Schematic diagram of single-laser thermal lens spec-
trometer combined with DLLME: PS, power supply; Ch, chopper;
L, lens; MC, microcell; M1, M2, M3, mirror; Co, controller; Po,
polarizer; P, pinhole; D, detector; Op-Amp, operational ampliﬁer;
ADC, analog digital converter; PC, personal computer. Reprinted
with permission from (Shokouﬁ and Hamdamali, 2010).
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vent (Bidari et al., 2007; Regueiro et al., 2008; Moradi et al.,
2010). In DLLME for preconcentration of metal ions, hydro-phobic metal-chelate formation is a necessary step for the
extraction of simple ions. Obviously, many ligands have little
selectivity toward metal ions. In other words, competition
for the complexing agent from other co-existing transitional
metal ions with target analyte cannot be avoided. Although
D-DLLME has effectively minimized some of these interfer-
ences, this technique is time and reagents-consuming. There-
fore, further research in this area is still needed to eliminate
such interferences in short time and low cost. The conventional
DLLME is not suitable as a routine applicable on-line precon-
centration procedure. However, the use of microcolumns
packed with suitable sorbents as an alternative of centrifuga-
tion may open the door for automation and on-line combining
of DLLME to analytical instruments. Thus, a further research
is still necessary to complete the experiences in this area. In
most investigations, optimization of experimental parameters
affecting the extraction efﬁciency of DLLME is usually per-
formed employing a step-by-step approach in which each fac-
tor is varied sequentially. This approach is not suitable when
the number of inﬂuencing factors is relatively large, and on
the other hand, step-by-step approach does not show the inter-
action among experimental parameters. Therefore, the use of
experimental designs is highly recommended in order to
achieve the best extraction conditions quickly and in a rela-
tively small number of experiments. However, the number of
detailed investigations in this ﬁeld is still very limited. Accord-
ing to our knowledge, the number of the applications of
DLLME combined with spectroﬂuorimetry for the determina-
tion of inorganic species up till now is very limited. Therefore,
it is expected that, this research area will take considerable
Table 3 A comparison of DLLME with cloud point extraction.
Analyte Detection
technique
Chelating
agent
CPE DLLME
Dynamic
range (lg L1)
LOD
(lg L1)
EF Ref. Dynamic
range
(lg L1)
LOD
(lg L1)
EF Ref.
Pb GFAAS DDTP – 40 18 Tatiane et al.
(2005)
0.05–1 0.02 150 Naseri et al. (2008)
Sb
(III and V)
GFAAS APDC 0.1–3 0.02 __ Jiang et al.
(2010)
0.05–5 0.05 115 Rivas et al. (2009a,b)
As GFAAS APDC 0.1–20 0.04 36 Tang et al.
(2005)
0.06–2 0.01 115 Rivas et al. (2009a,b)
Cu Spectrophotometry BPDC 5–200 1.6 – Shemirani et al.
(2007)
2–70 0.34 – Ezoddin et al. (2010)
Co Spectrophotometry PAN 0.6–30 0.2 198 Shokouﬁ et al.
(2007a,b)
1–70 0.2 165 Shokouﬁ et al. (2007a,b)
Hg Spectrophotometry TMK 5–80 0.83 33.3 Niazi et al.
(2009)
– 3.9 18.8 Gharehbaghi et al. (2009)
The recent developments in dispersive liquid–liquid microextraction for 759interest in future due to the suitability of DLLME for combi-
nation with spectroﬂuorimetry.
7. Conclusion
In this review, we reviewed the determination of inorganic spe-
cies in different types of samples by DLLME technique
reported in the scientiﬁc literature. DLLME has the advanta-
ges of simplicity of operation, speed, low cost and high enrich-
ment factors. Moreover, DLLME may be utilized as green
chemistry since it reduces consumption of hazardous organic
solvents. DLLME is a highly versatile sample-preparation
method not only because it can be used for practically all clas-
ses of analytes, but also because it is compatible, directly or
after solvent replacement, with a wide range of ﬁnal detection
techniques. At present DLLME is competing with other tech-
niques like SPE, SPME and SDME for the extraction of ana-
lytes from various aqueous samples.
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